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ABSTRACT The interaction of cells in a tissue depends on the nature of the extracellular matrix. The electrical properties of
the narrow extracellular space are unknown. Here we consider cell adhesion mediated by extracellular matrix protein on a solid
substrate as a model system. We culture human embryonic kidney (HEK293) cells on silica coated with ﬁbronectin and
determine the electrical resistivity in the cell-solid junction rJ ¼ rJdJ by combining measurements of the sheet resistance rJ and
of the distance dJ between membrane and substrate. The sheet resistance is obtained from phase ﬂuorometry of the voltage-
sensitive dye ANNINE-5 by alternating-current stimulation from the substrate. The distance is measured by ﬂuorescence
interference contrast microscopy. We change the resistivity of the bath in a range from 66V cm to 750V cm and ﬁnd that the
sheet resistance rJ is proportionally enhanced, but that the distance is invariant around dJ ¼ 75 nm. In all cases, the resulting
resistivity rJ is indistinguishable from the resistivity of the bath. A similar result is obtained for rat neurons cultured on polylysine.
On that basis, we propose a ‘‘bulk resistivity in cell adhesion’’ model for cell-solid junctions. The observations suggest that the
electrical interaction between cells in a tissue is determined by an extracellular space with the electrical properties of bulk
electrolyte.
INTRODUCTION
The electrical resistance of the extracellular space in brain
tissue affects the propagation of neuronal excitation in den-
drites and axons and also the electrical interaction of neurons
and glia cells. The resistivity in the nanospace of the extra-
cellular matrix is a crucial physical parameter to understand
the dynamics of ion channels and neurons in brain. It is
unknown. As a model, we consider cells on a solid substrate
that is coated with extracellular matrix protein. We evaluate
the electrical resistivity in the narrow extracellular cleft of
cell adhesion from measurements of the sheet resistance rJ in
the cell-solid junction and of the distance dJ between lipid
membrane and substrate using the relation rJ ¼ rJdJ.
In the past, the sheet resistance of cell adhesion was de-
termined by impedance measurements for cells onmetal elec-
trodes (1–3), and by measurements of the voltage-transfer
from cells to silicon chips (4,5), from the bath to silicon chips
(6), and from silicon chips to cell membranes (7). In the latter
two studies, the sheet resistance as well as the cell-solid dis-
tance were measured. For erythrocyte ghosts on polylysine
the sheet resistance was obtained by applying an alternating
voltage to the bath and recording the local response in the
cell-solid contact with an electrolyte/oxide/silicon transistor
(6). For human embryonic kidney (HEK293) cells and rat
neurons the sheet resistance was determined by applying an
alternating voltage to an electrolyte/oxide/silicon capacitor
and mapping the response of the cell membrane with a voltage-
sensitive dye (7). In both systems, the cell-solid distance was
obtained by ﬂuorescence interference contrast (FLIC) mi-
croscopy on silicon chips (8–10). For erythrocytes with
rather small cell-solid distance around 10 nm, the extracel-
lular resistivity was signiﬁcantly enhanced with respect to
the bath. For HEK293 cells and rat neurons with a larger
distance around 50 nm, the results indicated that the extra-
cellular resistivity was close to the resistivity of the bath.
This work follows the study by Braun and Fromherz (7).
We describe improved measurements of the sheet resistance
with the novel voltage-sensitive dye ANNINE-5 (11,12). In
particular, we measure sheet resistance and cell-solid distance
for HEK293 cells on ﬁbronectin for various resistivities of
the bath, such that a general relation between the electrolyte
in the bulk and in the nanospace of a cell-solid contact is
obtained. A large number of measurements provides statis-
tically signiﬁcant results. The system is sketched in Fig. 1. A
silicon chip is insulated by silicon dioxide that is coated with
ﬁbronectin. HEK293 cells are cultured on that substrate. For
measurements of the sheet resistance, the thickness of the
oxide is homogeneous. An alternating voltage is applied
between silicon and bath. The voltage modulation across the
cell membrane is probed in amplitude and phase with the
hemicyanine dye ANNINE-5. The phase map is evaluated in
terms of a core-coat conductor theory of the cell/electrolyte/
chip system with the sheet resistance rJ as a ﬁt parameter. For
measurements of the cell-solid distance, silicon chips with
microscopic terraces of the oxide are used. The cell mem-
brane is stained with the cyanine dye DiI. The ﬂuorescence
on the terraces is ﬁtted in terms of antenna theory with the
cell-solid distance dJ as a ﬁt parameter.
First, we consider a novel representation of the core-coat
conductor theory for cells on chips that provides an explicit
relation between the extracellular resistivity in the cell-solid
junction and the applied and recorded voltages. After the
section on materials and methods, measurements of the sheet
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resistance are presented for various stimulation frequencies.
The effect of the bath electrolyte on sheet resistance and cell-
solid distance is considered in detail with HEK293 cells on
ﬁbronectin for a wide range of resistivities. Finally, sheet re-
sistance and cell-solid distance are measured for a set of rat
neurons on polylysine.
MATERIALS AND METHODS
Chips
The chips are fabricated from highly p-doped 4-inch silicon wafers
( 0:005V cm). First, ; 1mm of ﬁeld oxide is grown by wet oxidation.
Circular stimulation areas of 500-mm diameter are etched by standard
photolithographic methods. An oxide of ;15-nm thickness is grown on the
stimulation area by rapid thermal processing. Aluminum is evaporated on
the backside. Octagonal chips of 4-mm diameter are cut and glued on
openings in 35-mm polystyrene petri dishes (Becton-Dickinson, Heidelberg,
Germany) using a silicone glue (MK3, Sulzer Medica, Ko¨ln, Germany).
They are contacted from below by gilded springs. After each use, the chips
are cleaned with hot, slightly basic detergent (5% Tickopur, Dr. H. Stamm
GmbH, Berlin, Germany), thoroughly rinsed with deionized water, dried
with nitrogen, silanized in saturated HMDS atmosphere (1.1.1.3.3.3-
hexamethyldisilazane) for half an hour, and sterilized by ultraviolet light.
Cells
HEK293 cells (DSMZ, Braunschweig, Germany) are cultured in 35-mm
polystyrene petri dishes (Becton-Dickinson) and split twice a week. Dulbecco’s
modiﬁed Eagle’s medium (Invitrogen, Karlsruhe, Germany) with 10% heat-
inactivated fetal bovine serum (Invitrogen) is used as a culture medium
without antibiotics. The silanized and sterilized chips are coated with ﬁ-
bronectin (Sigma, St. Louis, MO) by adsorption for several hours from a
10-mg/ml solution in phosphate-buffered saline (PBS) and thoroughly rinsed
with PBS. HEK293 cells are replated on the chips 1 day before the mea-
surements in culture medium with serum. An example is shown in Fig. 2.
For the measurements of sheet resistance and cell-solid distance, the medium
is exchanged by an extracellular electrolyte. A physiological electrolyte
consists of 5.4 mM KCl, 135 mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, 10
mM D-(1)-glucose, and 5 mM Hepes at pH 7.3. An electrolyte with high
resistivity is prepared without sodium chloride and with 240 mM D-(1)-
glucose. Intermediate resistivities are obtained by mixing these two elec-
trolytes. The resistivities are checked with a conductivity meter (Inolab,
WTW, Weilheim, Germany) and the osmolality of 330 mOsm/lit with an
osmometer (Gonotec, Berlin, Germany).
For rat neurons, the silanized and sterilized chips are coated with poly-L-
lysine (molecular mass 150,000–300,000 g/mol, Sigma-Aldrich) by adsorp-
tion for several hours from a 100-mg/ml solution in water and thoroughly
rinsingwith PBS.Dissociated neurons fromhippocampi of ED19 rats (Wistar
outbred) are prepared and cultured by standard procedures (13,14).
Sheet resistance
A 5-mM stock solution of the hemicyanine dye ANNINE-5 (11) is prepared
in 0.1 mM HCl, and 5–10 ml are added to the culture medium. After 10 min,
the culture medium is replaced by extracellular electrolyte as described
above. The lower cell membrane is scanned by an upright confocal micro-
scope (Fluoview 200 with a 603/0.9 water objective, Olympus, Melville,
NY). For excitation we use an argon laser at a wavelength of 457 nm. The
ﬂuorescence is detected with a photomultiplier (Hamamatsu, Bridgewater,
NJ; built-in ampliﬁer, Olympus) with an emission ﬁlter between 540 and
680 nm. The bath is contacted with a 3 3 30-mm platinum electrode. A
sinusoidal voltage is applied to the chip from a function generator (with
additional time base module, Hewlett Packard, Palo Alto, CA) with an
amplitude of 1 V, superposed to a direct-current bias voltage of 1.5 V. The
frequency chosen is between 10 and 125 kHz, depending on cell size and
bath resistivity. The ﬂuorescence data are sampled for 10 ms at each of 643
64 pixels at 5 MHz with 12 bits resolution (National Instruments, Austin,
TX). No binning is applied.
For some measurements, a lock-in approach is used to evaluate the data,
as described elsewhere (7). In that case, special care is taken to avoid noise
pickup and cross talk in data acquisition. Most measurements are evaluated
with a Fourier approach. At every pixel an average response of the photo-
multiplier signal is determined for one period. From the fast Fourier
transform of the averaged signal, the average intensity (zero component) and
the response to stimulation in amplitude and phase (fundamental compo-
nent) are evaluated. This procedure requires a perfect synchronization
of stimulation and detection at every pixel. To control data acquisition, a
20-MHz reference is created by frequency doubling of the 10-MHz clock
synchronization of the function generator using a phase-lock loop.
The change of ﬂuorescence of the voltage-sensitive dye is proportional to
the transmembrane voltage and to the ﬂuorescence intensity as DF ¼ SDYEF
FIGURE 1 Schematic cross section of cell on silicon chip. The chip is insu-
lated by silicon dioxide that is coated with extracellular matrix protein. There
is a cleft of thickness dJ between the oxide (area-speciﬁc capacitance cS) and
the lipid bilayer of the cell membrane (area-speciﬁc capacitance cM). The
diameter of the cell-chip contact is;20 mm, the thickness of membrane and
oxide are;5 nm and;15 nm, respectively, and the distance of cell and chip
is ;75 nm. The cleft is ﬁlled with an electrolyte of resistivity rJ. Its sheet
resistance is rJ ¼ rJ=dJ. When the electrical voltage VS  VE between
substrate and bulk electrolyte is changed, the voltages VM  VJ and VM  VE
across the attached and free membrane change as probed with a voltage-
sensitive dye.
FIGURE 2 Micrograph of HEK293 cells on oxidized silicon coated with
ﬁbronectin. The bright area is an electrolyte/oxide/silicon capacitor where
the thickness of silicon dioxide is 15 nm. In the surrounding area, the
thickness of the ﬁeld oxide is 1 mm.
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VM  VJð Þ with a sensitivity SDYE,0 (12). Thus, a map of the negative
relative change of ﬂuorescence DF=F is evaluated as a relevant signal that
is proportional to the transmembrane voltage. For an evaluation of the sheet
resistance we use only the phase map ofDF=F, because the amplitude map
is distorted by intracellular staining.
Phase shifts arise in the setup on the side of stimulation and of recording.
To determine the phase between applied voltage and voltage across the
capacitor, we measure the capacitive current with a lock-in ampliﬁer (Stanford
Research Systems, Stanford, CA) and ﬁt it with a resistor-capacitor circuit.
The phase shift caused by the photomultiplier electronics is determined by
illumination with a light-emitting diode. A look-up table is created for all
frequencies of the experiments. We estimate a total remaining phase error
of ;2%.
The area of adhesion AJ is determined from micrographs of ﬂuores-
cence intensity. A rim of local brightness is interpreted as the periphery of
cell adhesion where the membrane bulges upward. That procedure is well
deﬁned for compact cells such as HEK293 cells, but more difﬁcult to apply
for arborized cells such as rat neurons. We estimate a relative error of the
contact area around 10% that enters the characteristic frequency fJ ﬁtted to
the data and the sheet resistance rJ.
The experimental phase map is ﬁtted by a numerical solution of the
transmembrane voltage for the core-coat conductor on the assigned adhesion
area (see Eqs. 7 and 8 below) using a Levenberg-Marquart algorithm. Fit
parameter is the characteristic frequency fJ at area-speciﬁc capacitances of
membrane and chip cM ¼ 1mF=cm2 and cS ¼ 0:22mF=cm2. A constant
value AJ=AM ¼ 0:33 is used for the ratio of attached and total membrane
area. A variability of AJ=AM weakly enters the voltage transfer (see Eq. 8
below). Model computations show that it gives rise to an error of ;3% for
the sheet resistance. The error of sheet resistance that is caused by the error
in phase of 2% is estimated for each experiment by partial derivation of the
ﬁtted phase proﬁle. The total estimated error of the sheet resistance for each
measurement is obtained by adding the variances due to the errors of phase,
adhesion area, area ratio, and ﬁt.
Cell-solid distance
The distance dJ between the chip surface and the lipid bilayer of the cell
membrane is measured by FLIC microscopy (8–10). The silicon chips with
terraces of silicon dioxide are cleaned, silanized, sterilized, and coated with
ﬁbronectin or polylysine by the same procedures as the chips that are used
for the phaseﬂuorometric measurements. HEK293 cells and rat neurons are
cultured as described above. The cells are stained with the cyanine dye
DiIC18ð3Þ (Molecular Probes, Eugene OR). In a ﬂuorescence microscope
(Axioscope, Zeiss, Oberkochen, Germany), they are illuminated at 546 nm
by a mercury lamp. The ﬂuorescence in the adhesion area is observed be-
tween 580 and 640 nm with a charge-coupled device camera (Theta-System,
Gro¨benzell, Germany). The average ﬂuorescence intensity of selected areas
on four terraces is ﬁtted by the FLIC theory using the distance dJ as a ﬁt
parameter.
MEMBRANE VOLTAGE ON CAPACITOR
A silicon substrate in electrolyte is insulated by silicon di-
oxide with an area-speciﬁc capacitance cS. The cell mem-
brane with an area-speciﬁc capacitance cM is attached with a
contact area AJ that is a fraction of the total area AM of the
membrane. Oxide and membrane are separated by a cleft of
width dJ that is small compared to the diameter of the con-
tact. The cleft is described by a sheet resistance rJ ¼ rJ=dJ
with the resistivity rJ in the cleft. We ask how the voltage
across the adherent membrane depends on the sheet resis-
tance when an alternating voltage is applied to the substrate.
From that relation, we obtain rJ when we measure the mem-
brane voltage. From an independent measurement of the dis-
tance dJ we obtain the resistivity rJ in the junction.
Current balance
Membrane and oxide insulate the extracellular cleft from the
electrically conductive media of cytoplasm and silicon (Fig.
1). The planar electrical core-coat conductor is described by
the proﬁle of electrical potential VJ in the junction and by the
electrical potentials VM, VS, and VE in the cell, the substrate,
and the bath electrolyte. For a changing voltage VS  VE
between substrate and bath, VJ is determined by the current
balance in each area element. When we neglect the conduc-
tance of oxide and membrane we obtain Eq. 1 with the chang-
ing voltages between substrate and cleft VS  VJ, between
cell and cleft VM  VJ, and between cell and bath VM  VE
(4,5). The electrical potential in the cell is determined by the
global current balance through attached and free membrane
according to Eq. 2, with the average voltage ÆVM  VJæ
across the attached membrane (7):
= 1
rJ
=VJ
 
¼ cS@ðVS  VJÞ
@ t
1 cM
@ðVM  VJÞ
@ t
(1)
AJcM
dÆVM  VJæ
d t
1 ðAM  AJÞcMdðVM  VEÞ
dt
¼ 0: (2)
Alternating-current (AC) stimulation
For an alternating stimulation voltage VS of angular frequency
v the Fourier components VJ and VM are determined by Eqs.
3 and 4 at constant bath potential:
= 1
rJ
=VJ
 
1 ivðcS1 cMÞVJ ¼ ivcSVS 11
cMVM
cSVS
 
(3)
VM
VS
¼ AJ
AM
ÆVJæ
VS
: (4)
A general solution of Eqs. 3 and 4 is found by deﬁning
a total stimulus Vstim through both coats of the junction
according to Eq. 5 and by factorizing the response VJ=VS in a
product of Vstim=VS and VJ=Vstim according to Eq. 6:
Vstim
VS
¼ 11 cMVM
cSVS
(5)
VJ
VS
¼ VJ
Vstim
Vstim
VS
: (6)
In a ﬁrst step, the voltage transfer VJ=Vstim ¼ hˆJ is
obtained by solving Eq. 3 with the boundary condition
VperiJ ¼ 0 at the periphery. In a second step, the ratio Vstim=VS
is expressed in terms of hˆJ as follows: We eliminate VM=VS
in Eq. 5 by Eq. 4, introduce ÆVJæ ¼ ÆhˆJæVstim by aver-
aging Eq. 6 and obtain the voltage transfer VJ=VS ¼ hJ with
Eq. 7:
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hJ ¼
hˆJ
1 cMAJ
cSAM
ÆhˆJæ
: (7)
AC voltage across membrane
Fluorescent dyes probe the voltage across the cell membrane.
The voltage transfer from the substrate to the adherent mem-
brane is VM  VJð Þ=VS ¼ hJM. Considering Eq. 4, it is ob-
tained from hJ by hJM ¼ hJ1 AJ=AMð ÞÆhJæ. Using Eq. 7, we
obtain Eq. 8:
hJM ¼ 
hˆJ 
AJ
AM
ÆhˆJæ
1 cMAJ
cSAM
ÆhˆJæ
: (8)
The voltage across the free cell membrane is determined
by the continuity of membrane voltage at the periphery of
adhesion with VM  VperiJ ¼ VM or hperiJM ¼ hFM. Using Eq. 4,
we can express the voltage transfer to the free membrane by
the average transfer to the attached membrane according to
Eq. 9:
hFM ¼ 
1
AM
AJ
 1
ÆhJMæ: (9)
Circular junction
For a circular cell-chip junction of radius aJ, the voltage
transfer hˆJ is analytically obtained from Eq. 3 with the
modiﬁed Bessel function I0 gað Þ according to Eq. 10, where
a is the radius coordinate and g is deﬁned by g2 ¼ iv rJ
cS1cMð Þ (4). The average voltage transfer ÆhˆJæ is given by
Eq. 11, using integral relations for Bessel functions (15).
Insertion of Eqs. 10 and 11 in Eq. 8 yields the voltage
transfer hJM:
hˆJ ¼
cS
cS1 cM
1 I0ðgaÞ
I0ðgaJÞ
 
: (10)
ÆhˆJæ ¼
cS
cS1 cM
I2ðgaJÞ
I0ðgaJÞ: (11)
Equation 1 for the extracellular voltage VJ resembles a
diffusion equation (16). In analogy to diffusion, we introduce
a characteristic time constant for a circular junction by
tJ ¼ rJ cS1cMð Þ=a21 with a1aJð Þ2¼ 5:783 and a characteris-
tic frequency fJ according to Eq. 12 (a slightly different
deﬁnition was used in Braun and Fromherz (7)):
tJ ¼ rJðcS1 cMÞAJ
5:783p
¼ 1
2pfJ
: (12)
With Eq. 12, the argument ga of the Bessel functions in Eqs.
10 and 11 can be expressed in terms of a scaled frequency
f =fJ and a scaled radius a=aJ according to Eq. 13:
FIGURE 4 Spectrum and proﬁle of theo-
retical voltage transfer hJM ¼ VM  VJð Þ=
VS  VEð Þ. (a) Amplitude and phase versus
scaled frequency f =fJ in the center of the cell-
chip contact at a=aJ ¼ 0. (b) Amplitude and
phase versus scaled radius a=aJ for the
characteristic frequency at f =fJ ¼ 1.
FIGURE 3 Theoretical voltage transfer in circu-
lar cell/capacitor junction. The voltage transfer
hJM ¼ VM  VJð Þ= VS  VEð Þ from an alternating
voltage between substrate and bath electrolyte to
the transmembrane voltage is plotted versus the
scaled radius a=aJ and the logarithm of the scaled
frequency f =fJ. (a) Amplitude. (b) Phase. Note the
different perspectives of the two ﬁgures.
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ðgaÞ2 ¼ 5:783 i f
fJ
a
aJ
 2
: ð13Þ
Amplitude and phase of the voltage transfer hJM in a
circular junction are plotted in Fig. 3 versus f =fJ and a=aJ for
cS=cM ¼ 0:22 and AJ=AM ¼ 0:33. Amplitude and phase at
the periphery reﬂect the voltage transfer to the free membrane.
In the limit of high frequency, the amplitude proﬁle is ﬂat, as
determined by the capacitive current across chip and cell. At
lower frequencies the ohmic current along the junction gives
rise to a parabolic proﬁle that vanishes at lowest frequencies.
At high frequencies, the phase of pure capacitive coupling is
180 due to the deﬁnition of the stimulus voltage from chip
to electrolyte and of the membrane voltage from cell to
electrolyte. For decreasing frequencies, the phase approaches
90 when the ohmic current dominates. For illustration, the
spectrum in the center at a=aJ ¼ 0 and the proﬁle at f =fJ ¼ 1
are drawn in Fig. 4. The spectrum exhibits the transition from
low- to high-frequency limit around the characteristic fre-
quency. The proﬁle shows the transition from attached to
free membrane near the periphery where the phase changes
by ; 180 due to the opposite polarization (Eq. 9).
Arbitrary geometry
For an arbitrary shape of cell adhesion we evaluate hˆJ by
numerical solution of Eq. 3 with hˆ
peri
J ¼ 0 at the periphery
using an SOR algorithm (17). We compute the average ÆhˆJæ
and obtain the voltage transfer hJM to the membrane with
Eqs. 7 and 8. When the theory is applied to evaluate
an experimental phase map at a frequency f , we use the
scaled frequency f =fJ as a ﬁt parameter for given cS=cM and
FIGURE 5 Measurement of extracellular sheet resis-
tance in cell adhesion. (a) Fluorescence micrograph of
HEK293 cell on a silicon chip coated with ﬁbronectin.
The green line marks the periphery of cell adhesion.
(b and c) Color-coded maps of amplitude and phase of
the negative relative experimental ﬂuorescence modula-
tionDF=F at a frequency f ¼ 50 kHz. The arrows in c
limit the region where the phase proﬁles are measured
at various frequencies (see Fig. 6). (d and e) Computed
maps of amplitude and phase of transmembrane voltage
for a sheet resistance rJ ¼ 18MV and a dye sensitivity
15%=100mV.
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AJ=AM. From the optimal fJ, the sheet resistance rJ is
computed for given cS1cM and AJ with Eq. 12.
RESULTS AND DISCUSSION
At ﬁrst, we describe a complete measurement of voltage-
dependent ﬂuorescence in an HEK293 cell on ﬁbronectin for
a series of stimulation frequencies. Then we study how the
resistivity of the bath electrolyte affects the sheet resistance,
the cell-solid distance and the extracellular resistivity of the
cell-chip junction for HEK293 cells on ﬁbronectin. Finally,
we determine sheet resistance, cell-chip distance and resis-
tivity for rat neurons on polylysine.
Phase ﬂuorometric measurement
of sheet resistance
Selected frequency
We demonstrate the quality of the phase ﬂuorometric mea-
surement of sheet resistance with an HEK293 cell on ﬁbro-
nectin in a bath electrolyte with a resistivity rE ¼ 122V cm.
A ﬂuorescence micrograph of the cell stained with ANNINE-5
is shown in Fig. 5 a. A bright rim marks the periphery of cell
adhesion where the membrane bulges upward. There is some
inhomogeneous staining of the cytoplasm. On the basis of
test experiments with other cells we choose a stimulation
frequency f ¼ 50 kHz. The amplitude of the relative
FIGURE 6 Voltage transfer to HEK293 cell on
ﬁbronectin at ﬁve stimulation frequencies. (a–e)
Phase proﬁles of the negative relative experimental
ﬂuorescence modulationDF=F between the arrows
in Fig. 5 c at 10, 25, 50, 83, and 125 kHz. The drawn
lines are computed with a sheet resistance rJ ¼
18MV. The phase in the free membrane is marked by
horizontal lines. (f) Experimental and computed
phase versus frequency in the center of adhesion
averaged over 9 mm.
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negative change of ﬂuorescence DF=F is plotted in Fig. 5
b. Within the area of adhesion we see a narrow zone where
the signal is low along the periphery. In the center, the
response is strong but irregular due to cytoplasmatic staining.
The phase shift between the negative ﬂuorescence signal
DF=F and the voltage applied between chip and bath is
shown in Fig. 5 c. There is a smooth plateau around 150
all over the adhesion area. The phase sharply rises to ;
130near the periphery of cell adhesion. A proﬁle of the
phase is depicted in Fig. 6 c.
Considering the irregular map of the amplitude, we only
use the phase map for an evaluation of the sheet resistance. In
a ﬁrst step, we deﬁne the periphery of adhesion using the
bright rim in the ﬂuorescence micrograph (Fig. 5 a). With
proper contrast enhancement, its position can be assigned
rather reliably as marked by a green line. That assignment is
conﬁrmed by the relation of the periphery with the response
of amplitude and phase in Fig. 5, b and c: the periphery
surrounds the minimum of the amplitude and the plateau of
the phase as expected from the theory (Fig. 4). The adhesion
FIGURE 7 Extracellular sheet resistance in cell
adhesion for exchange of bulk electrolyte. (a, left)
Color-coded phase map of negative relative change of
ﬂuorescence DF=F for a narrow stripe of HEK293
cell on ﬁbronectin in a bath electrolyte with a resistivity
rE ¼ 67Vcm. The green line marks the periphery of
cell adhesion. (a, right) Phase proﬁle ﬁtted with sheet
resistance rJ ¼ 6:160:8MV. (b, left) Phase map for
narrow stripe at a bulk resistivity rE ¼ 740V cm.
(b, right) Phase proﬁle ﬁtted with rJ ¼ 75615MV.
(c, left) Complete phase map after exchange of the bath
back to a resistivity rE ¼ 67V cm. (c, right) Phase
proﬁle ﬁtted with rJ ¼ 7:261MV. The frequencies are
indicated in the ﬁgure. The color code is given in Fig. 5.
The phase in the free membrane is marked by hori-
zontal lines.
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area is AJ ¼ 740mm2. In a second step, we compute the
voltage transfer hJM with Eq. 8 for a ratio of speciﬁc
capacitances of chip and membrane cS=cM ¼ 0:22 and a
ratio of attached and total membrane area AJ=AM ¼ 0:33. We
obtain an optimal ﬁt for a characteristic frequency fJ ¼ 17 kHz.
With cM1cS ¼ 1:22mF=cm2 and AJ ¼ 740mm2 the sheet
resistance is rJ ¼ 1863MV. The computed maps of ampli-
tude and phase are shown in Fig. 5, d and e. The phase map is
in good agreement with the experiment, as also illustrated
by the proﬁle in Fig. 6 c. The amplitude map matches the
relative ﬂuorescence change when we choose a dye sensi-
tivity of Sdye ¼ 15%=100mV.
Frequency dependence
We vary the frequency of applied voltage for the same cell
shown above using 10, 25, 50, 83, and 125 kHz. We restrict
the additional measurements to linear proﬁles in a region
marked in Fig. 5 c to avoid photobleaching of the dye and
photodynamic damage of the cell. The phase proﬁles are
shown in Figs. 6, a–e. In all cases, we ﬁnd a phase plateau in
the area of adhesion with a phase jump near the periphery.
For f ¼ 10 kHz the plateau is near 90, whereas for
f ¼ 125 kHz it is near 180. The phase in the center of
adhesion—averaged over a width of 9 mm—is plotted in Fig.
6 f versus the frequency. We compute complete phase maps
at all frequencies with the same sheet resistance rJ ¼ 18MV
as ﬁtted to the measurement at f ¼ 50 kHz. The computed
proﬁles are shown in Fig. 6, a–e. The computed spectrum in
the center of adhesion is drawn in Fig. 6 f. The good agree-
ment of experiment and theory for all frequencies conﬁrms
the consistency of the approach.
Resistivity in cell-solid junction
Electrolyte exchange
For a selected HEK293 cell on ﬁbronectin we measure the
response to AC stimulation ﬁrst in a physiological electrolyte
with the resistivity rE ¼ 67Vcm, then in an electrolyte with
an enhanced resistivity of rE ¼ 740V cm, and ﬁnally again
in the physiological electrolyte. Suitable frequencies of 100,
19.5, and 100 kHz are determined in test experiments with
other cells. To avoid photobleaching and photodynamic dam-
age, we restrict the ﬁrst two measurements to linear sections
across cell adhesion and record a complete map only for the
third measurement. The phase maps of the relative ﬂuores-
cence changeDF=F are plotted in the left column of Fig. 7.
The phase proﬁles in the right column of Fig. 7 show
plateaus between 90 and 180 in the area of adhesion
and a typical jump near the periphery. The periphery of cell
adhesion is determined from a ﬂuorescence micrograph and
marked as a green line in the left column of Fig. 7. Three
complete phase maps are computed and ﬁtted to the data.
The computed phase proﬁles are plotted in Fig. 7. We obtain
sheet resistances rJ ¼ 6:160:8MV, rJ ¼ 75615MV;
and rJ ¼ 7:261MV. Apparently, the sheet resistance is
FIGURE 8 Cell-chip distance for HEK293 cell on
ﬁbronectin measured by FLIC microscopy. (a) Electro-
lyte with resistivity rE ¼ 68V cm. (a, top) Fluorescence
micrograph on silicon chip on four terraces of silicon
dioxide with heights 9.7, 52.3, 99.6,and 140.8 nm in the
order marked in the upper left corner. (a, bottom) Fluo-
rescence intensity averaged over the areas marked in the
micrograph versus height of terraces. The data are ﬁtted
with a distance betweenmembrane and oxide dJ ¼ 7661 nm.
(b) Electrolyte with resistivity rE ¼ 745V cm. (b, top) Fluo-
rescence micrograph on terraces with heights 9.4, 51.8, 98.2,
and 139.6 nm. (b, bottom) Fluorescence versus height of
terraces. The data are ﬁtted with dJ ¼ 7561 nm.
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reversibly enhanced and lowered by an enhanced and
lowered resistivity of the bath. We conclude that there is a
free exchange of electrolyte beween the bath and the area of
adhesion.
Resistivity in cell adhesion
To determine the resistivity rJ ¼ rJdJ in the cell-solid junc-
tion we measure both the sheet resistance rJ and the cell-solid
distance dJ for HEK293 cells on ﬁbronectin in physiological
electrolyte and in an electrolyte with enhanced resistivity.
The measurement of rJ by voltage-dependent phase ﬂuo-
rometry and the measurement of dJ by FLIC microscopy
cannot be performed with the same cell because of the dif-
ferent structures of silicon dioxide on the silicon chips. There-
fore, we must combine averages for both parameters that are
obtained from different cell populations. Care is taken that
the conditions of cleaning, silanization, coating with ﬁbro-
nectin, and culturing of cells are similar in both types of ex-
periments.
Two selected examples of distance measurements with bulk
resistivities rE ¼ 68V cm and rE ¼ 745V cm are depicted
in Fig. 8. The two ﬂuorescence micrographs of the FLIC
chips show similar checkerboard patterns for both electro-
lytes. The ﬂuorescence intensity is plotted in Fig. 8 versus
the height of the four terraces. A ﬁt with the FLIC theory
leads to distances dJ ¼ 7661 nm and dJ ¼ 7561 nm for low
and high resistivity, respectively. The integral distributions
of dJ for low resistiviy (n¼ 60) and high resistivity (n¼ 122)
are shown in Fig. 9. Fits with an error function lead to
averages ÆdJæ ¼ 74 nm for low and ÆdJæ ¼ 76 nm for high
resistivity with sd ¼ 7 nm in both cases. The cell-solid
distance does not change with a changed resistivity of bath
electrolyte. The variation sd ¼ 7 nm is due to the variability
of the cell-solid distance in the cell population as the preci-
sion of an individual FLIC measurement is ;1 nm.
The distance between the lipid bilayer of cell membranes
and a solid surface is caused by steric forces of the adsorbed
ﬁbronectin and of the glycocalix (18). It must be noted that the
distance of HEK293 cells on oxidized silicon with ﬁbronectin
depends on the nature of the chip surface and the conditions of
cell culture for identical procedures of cleaning, silanization,
and protein adsorption. The distance is larger for chips that are
frequently reused as compared to freshly oxidized chips, and
it is larger for cells that are cultured on the chips with serum as
compared to serum-free conditions. These differences must
be assigned to a different structure of ﬁbronectin adsorbed to a
more or less reactive surface and to binding of serum protein
to the glycocalix, respectively. Further investigations are
required to elucidate these effects. In this study, all cells are
cultured with serum on silicon chips that are frequently re-
used for the distance measurements as well as for the mea-
surements of sheet resistance.
FIGURE 9 Integral distribution of cell-chip distances
and sheet resistances for HEK293 cells on ﬁbronectin in
physiological electrolyte and in high resistivity electro-
lyte. (a) Cell-chip distance dJ at a bath resistivity
rE ¼ 68V cm (n ¼ 60) ﬁtted with an average
ÆdJæ ¼ 74 nm and sd ¼ 7 nm. (b) Cell-chip distance at
a bath resistivity rE ¼ 745V cm (n ¼ 122) ﬁtted with
ÆdJæ ¼ 76 nm and sd ¼ 7 nm. (c) Extracellular sheet
resistance rJ. The data (n¼ 9) at rE ¼ 66V cm are ﬁtted
with an average ÆrJæ ¼ 7:7MV and with sr ¼ 1:4MV.
The data (n ¼ 14) at rE ¼ 750V cm are ﬁtted with
ÆrJæ ¼ 85MV and sr ¼ 17MV.
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We performed a set of phase-ﬂuorometric measurements
of the sheet resistance with n ¼ 9 HEK293 cells in a bath
electrolyte with rE ¼ 66V cm and for n ¼ 14 cells in a bath
electrolyte with rE ¼ 750V cm; as described above. The
integral distributions are plotted in Fig. 9. We observe a
distinct shift of the sheet resistance to higher values when
the resistivity of bath electrolyte is enhanced. By ﬁtting error
functions we obtain an average ÆrJæ ¼ 7:7MV with sr ¼
1:4MV for the low and ÆrJæ ¼ 85MV with sr ¼ 17MV for
the high bath resistivity.
The simplest concept to explain the increase of sheet
resistance with increasing bulk resistivity is a ‘‘bulk resis-
tivity in cell adhesion’’ (BRICA) model described by
a relation rJ ¼ rE=dJ. The BRICA model implies that the
electrical properties of a cell-solid contact are determined by
the geometry of contact and by the resistivity of the bath
electrolyte.
With an invariant width ÆdJæ ¼ 75 nm, we compute with
the BRICA model from ÆrJæ ¼ rE=ÆdJæ average sheet resis-
tances ÆrJæ ¼ 8:8MV for rE ¼ 66Vcm and ÆrJæ ¼ 100MV
for rE ¼ 750Vcm, respectively. Apparently, the model is in
good agreement with the experiments. From the relation
ÆrJæ6sr ¼ rE= ÆdJæ6sdð Þ; with a distance variation sd ¼
7 nm, we estimate concomitant variations of the sheet resis-
tance sr ¼ 0:75MV and sr ¼ 8:5MV, respectively. The
larger variation of the experimental sheet resistance is due to
the errors of measurement.
To check the BRICA model, we measure the sheet resis-
tances for a whole series of bath resistivities. The result is
plotted in Fig. 10. Over a wide range, the sheet resistance is
proportional to the bath resistivity. The full line marks
the expected proportionality rJ ¼ rE=75 nm. The two dashed
lines mark the relations rJ ¼ rE= 7567 nmð Þ that indicate
FIGURE 10 Extracellular sheet resistance rJ for HEK 293 cells on
ﬁbronectin for six resistivities rE of bath electrolyte. The applied frequencies
are 100, 78.1, 39.1, 39.1, 19.5, and 9.7 kHz. The heavy line marks the
relation ÆrJæ ¼ rE=ÆdJæ of the BRICA model with an invariant average
distance ÆdJæ ¼ 75 nm. The dashed lines mark the variation of sheet resis-
tance expected for a variation sd ¼ 7 nm of the distance.
FIGURE 11 Measurement of extracellular sheet resis-
tance for rat neuron on polylysine. (a) Experimental
phase map of negative relative ﬂuorescence modulation
at f ¼ 100 kHz. The green line marks the periphery of
adhesion. The arrows indicate the position of the phase
proﬁle. (b) Computed phase map ﬁtted with a sheet
resistance rJ ¼ 1362MV. (c) Experimental and com-
puted phase proﬁle. The phase in the free membrane is
marked by horizontal lines.
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the variation expected from the variation of cell-chip dis-
tance. Apparently, the data are well compatible with the model,
considering the errors of measurement of sheet resistance.
Neuron-solid contact
We study nerve cells from rat hippocampus on polylysine by
the same approach as HEK293 cells on ﬁbronectin. Cell
adhesion in that system is particularly important for neuro-
electronic interfacing with extracellular stimulation and re-
cording by planar electrodes.
A selected measurement of the sheet resistance in phys-
iological electrolytes at a resistivity rE ¼ 68V cm is shown
in Fig. 11. Considering the small size of the neurons, we use
a stimulation frequency of 100 kHz. We observe a smooth
plateau of the phase in the area of adhesion as depicted in the
map of Fig. 11 a and the proﬁle in Fig. 11 c. The periphery of
adhesion is obtained from the rim of intensity in a ﬂuo-
rescence micrograph where the membrane bulges upward. It
is marked as a green line that surrounds the phase plateau
in Fig. 11 a. The adhesion area is AJ ¼ 200mm2. We ﬁt the
phase map with the core-coat conductor theory as above.
An optimal match is obtained with a sheet resistance rJ ¼
136 2MV. Computed phase map and phase proﬁle are
depicted in Fig. 11, b and c.
A selected distance measurement of a rat neuron on
polylysine is shown in Fig. 12. The ﬂuorescence intensity on
the oxide terraces is not completely homogeneous, indicating
some roughness of the adherent cell membrane. Averaged
intensities on the four terraces are plotted in Fig. 12 b as a
function of the height of the terraces. The data are ﬁtted by
the FLIC theory with a distance dJ ¼ 586 2 nm.
The integral distributions for the distance of n ¼ 25
neurons and for the sheet resistance of n ¼ 14 neurons are
plotted in Fig. 13. Using error functions, the distances are
ﬁtted with ÆdJæ ¼ 54 nm and sd ¼ 9 nm and the sheet
resistances with ÆrJæ ¼ 12MV and sr ¼ 2MV. For the
BRICA model we expect a relation ÆrJæ ¼ rE=ÆdJæ. With
ÆdJæ ¼ 54 nm and rE ¼ 68V cm we obtain ÆrJæ ¼ 12:6MV
in good agreement with the measurement. We conclude that
for rat neurons on polylysine the electrical properties of the
cell-solid contact are determined by the geometry of the
contact and the resistivity of the bath electrolyte.
CONCLUSIONS
We have improved the phase-ﬂuorometric method to measure
the sheet resistance in cell adhesion by applying the novel
voltage-sensitive dye ANNINE-5, by using a wide range of
stimulation frequencies, by implementing a Fourier method of
FIGURE 13 Integral distribution of cell-chip dis-
tances and sheet resistances for rat neurons on poly-
lysine. (a) Cell-chip distance dJ. The data (n ¼ 25) are
ﬁtted with an average ÆdJæ ¼ 54 nm and sd ¼ 9 nm. (a)
Extracellular sheet resistance rJ. The data (n ¼ 14) are
ﬁtted with an average ÆrJæ ¼ 12MV and sr ¼ 2MV.
FIGURE 12 Measurement of cell-chip distance by
FLIC microscopy for rat neuron on polylysine. (a) Fluo-
rescence micrograph of silicon chip with four terraces
of silicon dioxide (9.1, 50.2, 92.3, and 137.6 nm). (b)
Fluorescence intensity averaged over the areas marked
in the micrograph versus height of the terraces. The data
are ﬁtted with a distance between membrane and oxide
of dJ ¼ 5862 nm.
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the AC measurements, and by a novel representation of the
core-coat conductor theory for the evaluation of the data. Mea-
surements of the sheet resistance and of the cell-solid distance
have been performed for a large number of samples with
identical conditions of cleaning, coating, and cell culture.
With HEK293 cells on ﬁbronectin we studied the nature of
the extracellular electrolyte in cell adhesion. We found that
the sheet resistance in the cell-solid contact is reversibly
controlled by the bath electrolyte. By combining measure-
ments of sheet resistance and cell-solid distance, we found
that the resistivity of the extracellular electrolyte in cell adhe-
sion is indistinguishable from bath electrolyte for HEK293
cells on ﬁbronectin and for rat neurons on polylysine, in ac-
cordance with a bulk resistivity in cell adhesion model.
The results are important for the electrical coupling of
cells to planar electronic devices as it is crucial for the
development of cell-based biosensors and for the interfacing
of neuronal systems. Considering that the structure of a cell-
solid contact with extracellular matrix protein may be similar
to cell-cell contacts, we claim that the resistivity in the extra-
cellular nanospace of brain tissue is similar to bulk elec-
trolyte, a hypothesis that is important for modeling signal
processing in brain.
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